The effect of plasma fluorination on the band gap, 2p core-level energy, and the dielectric behavior of porous silicon ͑PS͒ prepared under constant conditions has been examined using Fourier transform infrared spectroscopy, x-ray photoelectron spectroscopy, photoluminescence, and reflection. It has been found that with increasing extent of fluorination, the band gap expands, and the 2p level and the dielectric constant drop down substantially compared with those of the as-grown PS, being quite similar to the effect of particle size reduction. These findings could be interpreted as the fluorination-induced crystal field enhancement and the valence charge repopulation of silicon. The surface fluorination may provide an effective method for tuning the optical and dielectric properties of nanometric silicon.
I. INTRODUCTION
Porous silicon ͑PS͒ consists of a nanocrystalline skeleton immersed in a network of pores and characterized by a very large internal surface area ͑of the order of 500 m 2 /cm 3 ͒. This internal surface is passivated by hydrogen but remains highly chemically reactive, which is one of the essential features of this complex material. However, the role of the surface played in the optical and dielectric properties has been remained a key issue that is yet poorly known. 1 Recently, Sun et al.
2,3 proposed a bond order-length strength ͑BOLS͒ correlation model indicating that the coordination imperfection induced bond contraction and the associated bond energy rise contribute not only to the Hamiltonian that determines the electronic structures of a nanometric system, but also to the Gibbs free energy that dominates the thermal dynamic behavior of a nanosolid. The developed premise has been successfully applied to the size-induced blueshift in the photoluminescence ͑PL͒, 4 photoabsorption ͑PA͒ and their energy difference known as Stokes shift, and to the size dependence of the Si-2p core level shift 5 of PS. Although the burden of evidence points towards some intrinsic radiative mechanisms in small silicon particles, the influences of the surface and the ways of controlling surface interactions will always be important. [6] [7] [8] Besides, surface bond contraction and surface passivation by electronegative additives can also shift the PL wavelength 9 and suppress the dielectric constant of PS. 10, 11 For example, hydride passivation could tune the PL wavelength towards blue, while thermally oxidation results in PL emission which is invariably in the deep red spectral range. The latter phenomenon is not satisfactorily understood at present, but consideration of various factors may provide an explanation. Many mechanisms have been proposed to be responsible for the PL shift of the PS such as surface hydrides, 12 siloxene, 13 and surface defects, 14 etc. and it seems that they are quite conflicting. 15, 16 The ''quantum confinement ͑QC͒'' theory worked well in explaining the PL shift of PS but it cannot be used to explain the core level shift or the dielectric suppression due to the structural miniaturization. Therefore, a mechanism exists, which is beyond the QC theory description, for surface passivation and for particles near the lower end of the size of which the QC theory fails. 17 It has been proposed that the effect of particle size and the effect of surface passivation enhance each other on the properties of nanometric semiconductors. 18 -21 The basic idea of passivation is to replace the easily broken Si-H surface bond by other species such as Si-O, Si-N, and Si-F bonds. Plasma treatment is a major step in ultralarge scale integrated circuits as one of the effective methods to passivate semiconductor surfaces or to form ultrathin oxide or nitride on surfaces such as N 2 O-plasma oxidation of a-Si:H, 22,23 NH 3 -plasma nitridation of GaAs, 24 and N 2 -plasma nitridation of PS. 25 Given the large and varied body of work on PS about the surface passivation effects on the PL properties of PS for more than 10 years, 15 the dependence of the core-level shift and the dielectric properties on the surface fluorination has been rarely studied. The main objective of this project is to investigate the fluorination effects on the surface of PS and their interdependence on the optical and dielectric properties of PS.
II. EXPERIMENT
The PS samples were prepared on p-type ͑100͒ Si wafers of 1-25 ⍀cm resistivity at room temperature. Electrolyses were performed in a HF:C 2 H 5 OH:H 2 O solution with 1:5:4 weight ratio by a galvanostat, while the electrolyte was stirred during the process. The Si substrates were used as anodes and n-type Si of 0.005-0.02 ⍀cm resistivity was used as a cathode to obtain a more homogeneous electric field in the electrolyte leading to samples with very uniform surfaces. 26 A current density of 50 mA/cm 2 was applied for 15 min. After anodization, all the PS samples prepared under the same conditions were dried by pentane to prevent them from cracking. 27 Atomic force microscopy measurements have showed that the average particle sizes of all the samples a͒ Electronic mail: ecqsun@ntu.edu.sg are in the same range and hence the size variation effect is neglected in the experiments. Surface fluorination was performed with CF 4 plasma at room temperature for 2 min by radio-frequency plasma-enhanced chemical-vapor deposition in an asymmetric configuration. This configuration uses a grounded electrode larger than the cathode and thus ensures the generation of self-bias. The chamber base pressure is lower than 5ϫ10
Ϫ5 Torr maintained by a turbo-molecular pump. PS samples were placed on the cathode electrode with 20 cm diameter. CF 4 gas was introduced with a flow rate of 10 sccm and the chamber pressure was kept at 25 mTorr during the process. By varying the radio frequency ͑rf͒ power the samples were obtained with different fluorination content. No obvious particle-size reduction upon fluorination can be resolved using atomic force microscopy.
The atomic composition and Si-2p core level of the samples were analyzed by a Kratos AXIS x-ray photoelectron spectrometer ͑XPS͒ with monochromatic Al k ␣ (h ϭ1486.71 eV) radiation. The shift of the binding energy ͑BE͒ due to surface charging was corrected using C 1s BE ͑284.8 eV͒ from the signal of surface C contamination. The PL spectra were measured with a SPEX FLUOROLOG-3 spectrofluorometer equipped with a xenon lamp. The PL excitation spectra showed a strong excitation peak of PS at 458 nm. Samples were therefore excited with 458 nm xenon light at room temperature. A Perkin Elmer Spectrum 2000 Fourier transform infrared ͑FTIR͒ spectrometer and a Perkin Elmer Lamda 16 ultraviolet visible reflection spectrometer were used to measure the structures and optical properties of the PS, respectively. The optical constants were obtained by fitting reflection spectra using Scout commercial software. 28 Optical properties of the PS have been investigated by the same method as described in Ref. 29 .
III. RESULTS AND DISCUSSION
The process parameters of fluorination and the corresponding results are listed in Table I , where the F/Si ratios are calculated from the area ratio of the corresponding peaks in the XPS spectra ͑Fig. 1͒. From Table I , it can be seen that with the increase of the rf power, the fluorination degree increases accordingly due to the higher energy and density of the plasma arriving at the PS surface. Figure 1 compares the XPS spectra of fluorinated and as-grown PS samples. It can be seen that besides Si and F, O and C also exist on the surface. The existence of a little fluorine in the as-grown sample can be due to HF acid remnants inside voids after preparation because only HF and SiF 6 2Ϫ were found using 19 F nuclear magnetic resonance. 30, 31 Upon fluorination, surface fluorides exist in the form of SiF 2 species, 32,33 which modify the chemical structure of the PS surface through bond reforming from the Si-H bond. The source of carbon is not ethanol because the carbon amount is similar to that in samples anodized in water-HF solutions. 34 The carbon should come from hydrocarbon molecules in the ambient and often in the residual gas in analysis chambers used for XPS. 35 Oxygen exists in the form of Si-O-Si and O x -Si-H groups on the PS surface, which is confirmed by FTIR results in Fig. 2 , and is normally adsorbed in a few Table I . The existence of a little fluorine in the as-grown sample results from HF acid remnants inside voids after preparation.
FIG. 2. Fluorination effect on the FTIR spectra of the PS.
The absorption peaks at 667 and 977/940 cm Ϫ1 correspond to the Si-H deformation mode and the Si-F stretching mode, respectively. With the increase of rf power upon the fluorination of PS, the absorption peak at 667 cm Ϫ1 deformation mode decay, while the absorption peaks at 977 and 940 cm Ϫ1 become stronger. minutes after drying in ambient. The existence of such groups does not modify the hydrogen passivation. Figure 2 displays the FTIR spectra in fluorinated and asgrown PS samples. Compared with the as-grown sample, there are two obvious changes for fluorinated ones: with the increase of rf power, the spectral line intensities in the absorption peak at 667 cm Ϫ1 ͑Si-H deformation mode͒ decay while the absorption peaks at 977 and 940 cm Ϫ1 ͑Si-F stretching modes͒ become stronger. This not only proves that the fluorine exists in the form of an Si-F bond on the surface but also means that more Si-H bonds ͑667 cm Ϫ1 ͒ are substituted by the Si-F bonds ͑977 and 940 cm Ϫ1 ͒ upon increasing the extent of fluorination.
The Si 2p XPS spectra in Fig. 3 show an obvious shift from 101.7 eV for sample F to 102.8 eV for sample J and such a shift is proportional to the fluorination extent. According to the BOLS correlation, 2 crystallite size ͑D͒ reduction and surface passivation affect the properties of nanometric semiconductors by perturbing the overall potential in the Hamiltonian of an extended solid, which gives rise to the corresponding band gap expansion and the core level shift. The energy of PL and PA involves electron-phonon interaction. They are given as 4, 5 
where E (1) is the energy of an isolated atom determined by the intra-atomic trapping potential. The band gap E G , and the core-level shift E (ϱ)ϪE (1) are joint contributions of the crystal potential and the corresponding Bloch wave functions. B is the electron-phonon coupling coefficient. ␦ surf and ␦ e-p , are the contributions from the binding-energy density rise and electron-phonon coupling in the relaxed region, respectively. Clearly, the crystal field enhancement due to bond nature alteration upon fluorination contribute to the core level shift and band gap expansion as well. 36, 17 On the other hand, a chemical reaction such as fluorination modifies the crystal field and redistributes the valence charge. Fluori- nation substitutes the stronger Si-F bonds ͑bond energy: 565.2 kJ/mol͒ for the weaker Si-H bonds ͑318.2 kJ/mol͒. Electron repopulation from Si to F lowers the energy of the occupied valence band and also weakens the screening of the crystal field to electrons in the inner shells.
Compared with the as-grown sample, the passivation lowers the PL intensity and shifts the PL peak to blue as can be seen in Fig. 4͑a͒ . The PL intensity relates to the irradiative recombination centers such as dangling bonds upon fluorination that lowers the quantum efficiency of radiative carrier combination. The PL blueshift results from both the electron-phonon coupling and band gap expansion that changes with the crystal field enhancement due to bond nature alteration and valence charge repopulation that leaves holes behind the top of the valence band. 37 The reflection spectra in Fig. 4͑b͒ show that the reflectivity varies with the extent of fluorination in the range of 200-900 nm, which is related to the change of dimension and geometry of columns and voids on the PS surface. Figure 4͑c͒ shows the spectral dependence of the absorption coefficient obtained by fitting reflection spectra using Scout commercial software. 28, 29 As observed, the values of the absorption coefficient are strongly dependent on the fluorination, especially in the range of higher photon energy.
Second-neighbor empirical tight-binding calculations 38, 39 determined that the electron-phonon coupling energy,
͔, is about 0.007 eV for bulk silicon, which is negligible compared with E G (ϱ)ϭ1.12 eV. Therefore, E PL (ϱ)ХE PA (ϱ)ХE G (ϱ). According to Eq. ͑1͒, the E G is actually the average of E PL and E PA . As a result, the band gap can be calculated from the PL peak energy and the absorption edge can be extracted from the absorption spectra using the Tauc plot method. 40, 41 The correlation between the band gap and the rf power shown in Fig. 5 indicates that the band gap widens with the increase of rf power. The dielectric constant ⑀ was calculated from the reflection spectra. 28, 29 The derived dielectric constants in Fig. 6 show that the dielectric constants decrease when the sample is fluorinated and the extent of reduction depends on the rf power. Considering that the dielectric constant describes the electronic polarization which determines the optical response of semiconductors and reflects how strongly the population of valence electrons is coupled with that of excited conduction electrons, the dielectric constants of semiconductors are closely correlated to the energy band gap. Modeling studies 42, 17 indicate that the dielectric susceptibility ͑ϭ⑀Ϫ1͒ is inversely proportional to the square of the band gap E G : ϰE G Ϫ2 . However, due to a mixture of silicon nanosolids and nanovoids, the dielectric behavior of PS is more complicated and does not simply follow this relation. After excluding the effect from air, the dielectrics of silicon nanosolids is suggested to be correlated to the band gap. Fluorination transports electrons from Si to F, which shifts the occupied valence states to lower energy and results in the widening of the band gap that determines the electronic polarization and corresponding variation of electron-phonon coupling and hence the suppression of the dielectric constant. 43 
IV. CONCLUSIONS
It has been found that surface fluorination has an effect similar to the particle size reduction on the electronic, optical and dielectric properties of PS. The dielectric constant can be reduced from 2.1 ͑the as-grown value͒ to 1.28 upon fluorination. The band gap expands from 1.87 eV ͑the as-grown value͒ to 2.08 eV and the Si 2 p core level shifts from 101.7 eV ͑the as-grown value͒ to 102.8 eV upon fluorination. These changes are suggested to arise from the crystal field enhancement due to the bond nature alteration at the surface and the valence charge transportation. Importantly, surface fluorination could provide a practical and compatible means to tune the optical and dielectric behavior of nanostructured silicon. 
